We present a survey of morphospecies of Gromia, a genus of testate protists, from bathyal and abyssal depths in the Weddell Sea and adjacent areas of the Southern Ocean. This material represents the most extensive and diverse available collection of deep-sea gromiids so far recorded. The twelve species, nine of which are undescribed, are recognized on the basis of morphological criteria, including the test size and shape, the appearance and structure of the oral capsule, and the characteristics of the test wall. Most species have a single oral capsule, which is circular in plan view with a conical nipple-like shape in lateral view. One morphospecies has three oral capsules. The appearance and structure of the wall displays great variability among Gromia species, ranging from very delicate and transparent with highly reXective highlights to relatively thick with distinct patterns of ridges covering the surface. More often, however, diVerences in wall structure are more subtle. Most morphospecies were distributed at bathyal depths along the continental margin, but one was sampled at »4,800 m, representing the Wrst record of an abyssal gromiid. Concurrent with Wndings from other regions of the World's oceans, the Weddell Sea gromiids were mostly found in surWcial sediments in areas of elevated organic input, suggesting that deep-sea gromiids are likely to play an important role in carbon cycling in bathyal eutrophic regions through the ingestion and degradation of fresh organic matter.
Introduction
Gromiids are large amoeboid protozoans in which the cytoplasm is enclosed by a proteinaceous test. The cell body extends into thin, pointed branching extensions of the cytoplasm (Wlose pseudopodia) that protrude from the test through an aperture that is surrounded by an oral capsule, a characteristic feature of the group (Hedley 1960; Ogden and Hedley 1980) . The tests of gromiids are also characterized by multiple layers of so-called honeycomb membranes that line the inner surface of the wall. These were Wrst described by Hedley and WakeWeld (1969) in Gromia oviformis Dujardin 1835, a shallow-water species ubiquitously distributed in environments ranging from polar shelves to tropical coral reefs. Another feature of gromiids is the accumulation of a signiWcant volume of stercomata (waste pellets), together with mineral grains and other extraneous particles, within the cell. For many years, these poorly known protozoans were believed to be restricted to intertidal and sublittoral waters (Arnold 1951 (Arnold , 1972 Bowser et al. 1996; Gooday et al. 1996 . The deepest record for Gromia oviformis is from 270 m oV South Georgia (Arnold 1972) . These shallow-water gromiids, most of them assigned to Gromia oviformis, are associated with various habitats and sediment types including hard substrata such as rock surfaces (Hedley and Bertaud 1962) , the holdfast of seaweeds (Arnold 1972) , and the surfaces of sandy and muddy sediments (Jepps 1926; Hedley and Bertaud 1962; Bowser et al. 1996) .
The Wrst convincing record of Gromia from deeper waters is that of Schulze (1875) who described Gromia sp. sampled in Bukenfjord and Korsfjord, Norway between 185 and 675 m depth. This species, which was later named G. schulzei by Norman (1892) , has a mound-like oral capsule and contains stercomata within the cell. It has an elongate test up to 8-9 mm in length, making it substantially larger than the grape-shaped G. oviformis (length 0.15-5.0 mm). The Wrst record of gromiids inhabiting the deep sea below 1,000 m was from the Oman margin of the Arabian Sea, where they were discovered in 1994 below the main part of the oxygen minimum zone (OMZ) (Gooday et al. 2000) . Gromiids were found subsequently on the other side of the Arabian Sea, oV Pakistan (Aranda da Silva and Gooday 2009). Two species, G. sphaerica Gooday, Bowser, Bett, Smith 2000 and G. pyriformis , were formally described based on this Arabian Sea material, and eight additional undescribed species were recognized based on partial small-subunit ribosomal DNA (SSU rDNA) gene sequences (Aranda da Silva et al. 2006) . Recently, Matz et al. (2008) identiWed G. sphaerica at »750 m depth oV the Bahamas. A "faecal pellet" from 1,130 m depth in the Catalina Basin on the California borderland, illustrated by Jumars (1976) , closely resembles one of the elongate gromiids from the Arabian Sea (Gooday et al. 2000; Aranda da Silva 2005) .
Gromiids have also been found in other deep-water areas including the deep fjords of Svalbard in the European Arctic and 923 m under the Ross Ice Shelf, Antarctica ). In addition, sixteen undescribed morphospecies were recently recognized from the Northwest African margin, the Porcupine Seabight and the Rockall Trough (Northeast Atlantic), as well as from the deep Skagerrak and four western Norwegian fjords (Rothe 2009 ). During the 2005 ANDEEP III expedition, a large number of gromiids were collected from bathyal and abyssal sites in the Weddell Sea and adjacent areas of the Southern Ocean . Based on this material, three species, G. marmorea Rothe & Gooday 2009 , G. melinus Rothe & Gooday 2009 , and G. winnetoui Rothe & Gooday 2009 , were formally described by Rothe et al. (2009) . Nine additional undescribed species were also recognized. This paper describes the diversity and distribution of gromiids in these samples from the Southern Ocean.
Materials and methods

Study area
The ANDEEP project encompassed three cruises onboard the RV Polarstern, the Wrst and second cruises taking place in 2001 (ANDEEP I and II; Polarstern Cruise ANT XIX/3-4) and the third in 2005 (ANDEEP III; Polarstern Cruise ANT XXII/3). The samples used in this study originate from this Wnal ANDEEP cruise (Table 1 , Fig. 1 ).
Sampling, shipboard processing, and preservation
The material investigated was recovered either with an epibenthic sledge (EBS), an Agassiz trawl (AGT), or with a multicorer (MUC, 57-mm inner tube diameter) (Fahrbach 2006 , Rose et al. 2006 . The EBS was equipped with a 1-m-wide lower epibenthic net (500-m mesh size) and a 1-m-wide upper suprabenthic net (300-m mesh size). The AGT was 3 m wide and equipped with a cod end with a mesh size of 500 m, except at Station 81 where the mesh size was 10 mm. Both EBS and AGT were trawled along the seaXoor for 10 min with a mean velocity of 1 knot (Fahrbach 2006) . Once onboard the ship, samples were kept submerged in chilled water and sieved in a cool room on sieves of mesh sizes 500 and 300 m. These unWxed sediment residues were sorted under a Leica binocular microscope for foraminifera and gromiids as soon as possible after collection. During this process, the residues were kept cool by placing the sorting dish in another dish Wlled with ice. Photographs of picked specimens were taken using a Nikon CoolPix 4500 digital camera attached to the microscope. Gromiids were Wxed in 10% buVered formalin for subsequent morphological analysis or frozen in liquid nitrogen for molecular analysis ).
Morphological species documentation in the laboratory
Gromiids were divided into preliminary morphotypes based on test characteristics and general appearance during the shipboard sorting . Later, in the laboratory in Southampton, specimens from each group and station were counted, measured (width and length of test and oral capsule), and examined under a binocular dissecting microscope. Specimens were documented using a SLR digital camera (Canon EOS 350D). General views of the test were obtained using a Leica binocular microscope with the specimens immersed in water in a petri dish. Detailed views of the aperture and other features were taken using an Olympus BH-2 compound microscope with the specimen placed in water in a cavity slide. The subsequent comparison of wall and apertural structures in each individual resulted in the regrouping of specimens based on these morphological features.
Observations and discussion
Morphological diversity of Weddell Sea Gromia
Despite their unusually large size for single-celled organisms, gromiids are marked by a paucity of taxonomically useful morphological characters. However, features such as test size and shape, the oral capsule, and the appearance and structure of the wall can be used to discriminate between species. Gromiids can vary signiWcantly in size. Overall, the Weddell Sea gromiids ranged from 0.4 mm (Sp. 154) to 8.5 mm (Sp. 297) in maximum dimension ( within the size range of the Southern Ocean (SO) species (Arnold 1951 , Hedley 1960 . The Arabian Sea species are similar in average size to the SO gromiids but cover a broader size range from »1 mm (G. pyriformis) to 4 cm (G. sphaerica) Bowser 2005, Gooday et al. 2000) . Many variables have the potential to inXuence the size of an individual, including its life history as well as environmental parameters, such as the availability of food. Evidence for a relationship between the size of gromiids and the amount of food available has been presented by Bowser et al. (1996) , who noted that G. oviformis from the eutrophic eastern side of McMurdo Sound were bigger than G. oviformis from Explorers Cove on the relatively oligotrophic western side of the Sound. The authors speculated that higher concentrations of organic matter can lead to increased size and population densities in G. oviformis. Test shape is a more useful character than size for distinguishing deep-sea gromiid species. The main morphotypes recognized from the Weddell Sea and previous studies include spherical (e.g. G. sphaerica- Fig. 2A in Gooday et al. 2000 ; our Sp. 145 and 154- Table 2 and Fig. 5d , f herein), droplet-shaped (e.g. G. marmorea and G. melinus- Fig. 2A, 5D in Rothe et al. 2009 ), pear-shaped (e.g. G. pyriformis- Fig. 1 in , grapeshaped (e.g. Sp. 5A- Table 2 , Fig. 4a, c herein) , elongate oval (e.g. Sp. 5A, 5B- Table 2 , Figs. 4e, 5a herein), sausage-shaped (e.g. Sp. 1A, 297, 1B, and 2- Table 2 , Fig. 3a , e, g, i herein), bowling-pin shaped (e.g. Sp. 76- Table 2 , Fig. 3c herein) , as well as irregular (e.g. G. winnetoui and G. melinus-Figs. 7C, 5C in Rothe et al. 2009 ), and branched (e.g. Species 8- Fig. 3 .19 in Aranda da Silva 2005). Within most of these main morphotypes, species exhibit slight diVerences in shape. For example, some sausage-shaped gromiids can be distinguished by diVerences in the length/width ratio ( Table 2) . As with size, there are also variations amongst individuals of one species, although in most cases, interspeciWc variability is far greater than intraspeciWc variability. Some Weddell Sea species, however, such as Species 5A (Fig. 4a, c, e) , vary more than others, ranging from nearly spherical to elongate oval, whilst others, such as Species 145 and 154, are more consistent in shape (Fig. 5d, f) . In the shallow-water species G. oviformis, variations in shape often seem to be a response to the occupancy of a conWned microhabitat, for example, the crevices of an algal holdfast, which are not available to sediment-dwelling deep-sea gromiids. Deep-sea environments are much more homogenous compared to most shallowwater habitats, and gromiid species of diVerent shape were sampled from the same station in the Weddell Sea, suggesting that other factors must also play a role in shaping deepsea gromiids.
The shape of the oral capsule is another potentially important taxonomic character. In most gromiids, this structure sits in a shallow, circular depression of the test and is pierced by a central canal leading to the aperture. Most gromiids have one oral capsule, but some have two or three, while G. sphaerica has numerous small apertures scattered across the surface of the test (Gooday et al., 2000) . The function of multiple apertures in G. sphaerica is unclear, but they could be related to its spherical shape and mobility. Matz et al. (2008) recently hypothesized that G. sphaerica moves by rolling across the seaXoor, a motion presumably facilitated by the sequential deployment of pseudopodia from apertures distributed across the test surface. Several main morphotypes of oral capsule have been observed in the Weddell Sea gromiids. In most species, it is circular in plan view with a conical (e.g. Sp. 1B, 145-Figs. 3h, 5e), rectangular (e.g. Sp. 1A- Fig. 3b ) or nipplelike shape in lateral view. In many species, the test thickens towards the oral capsule as clearly seen in Sp. 1A (Fig. 3b) , Sp. 1B (Fig. 3h) , Sp. 5A (Fig. 4b, d, f) . Often it has a characteristic form. For example, in Species 297, the oral capsule widens at the top giving it a somewhat Xared appearance (Fig. 3f) . In Species 2, it is a nearly spherical structure (Fig. 3j) , while in Species 76, 5B, and 154, it is very wide and barely protrudes from the test surface (Figs. 3d, 5b, c,  g ). On the other hand, the oral capsule also varies within a species or it may be very indistinct. Consequently, we consider that the oral capsule should be used with caution as a taxonomic feature to distinguish species.
The appearance and structure of the test wall displays great variability between Gromia species. In the Weddell Sea species, it ranged from very delicate and transparent with highly reXective highlights (e.g. Sp. 2- Table 2 , Fig. 3i ) to relatively thick with a polygonal pattern of ridges and a layer of clay particles covering the test surface within each polygonal cell, as described in G. melinus by Rothe et al. (2009) . In G. winnetoui, an agglutinated case enclosed the organic test, a feature not seen in any other known gromiid species (Fig. 8 in Rothe et al. 2009 ). Species 154 had a very distinctive hairy appearance, resulting from the presence of thin Wlaments that extended from the surface ( Table 2 , Fig. 5f ). In most gromiids, however, diVerences in wall structure were more subtle. For example, in Species 1A, several layers of the wall were visible, although only in transmitted light, while in Species 2, certain illuminations revealed an indistinct pattern of Wne surface ridges. Pore openings were sometimes observed on the test surface in SEM images. These represent the opening of canals that extend through the outer wall and taper towards the exterior (Gooday et al. 2000, Gooday and . Although these pores were not always visible, it is likely that all gromiids have them. However, their taxonomic and functional signiWcance remains unclear. The wall structure of some gromiids is distinctive at the ultrastructural level. For example, in addition to the Gromia-speciWc layer of honeycomb membranes (Hedley and WakeWeld 1969) , the wall of G. pyriformis has an outermost coating, the glycocalyx (75 nm thick), which has not been reported in other species examined by transmission electron microscopy (TEM) .
A Wnal feature that may be useful in taxonomy is provided by the test contents, a more or less densely packed brownish mass of material consisting largely of stercomata. These are small, oval-shaped waste pellets that give some Weddell Sea species a somewhat granular appearance. Stercomata are present in all gromiids but they are not restricted to this group. Their appearance and size is usually fairly similar between species. However, in one species from the Weddell Sea (Species 154), they were unusually large (up to 400 m). This feature clearly separates Species 145 from all other species (Table 2, Fig. 5f ).
Taxonomic diversity of Weddell Sea Gromia
The Weddell Sea specimens constitute the most extensive and diverse available collection of deep-sea gromiids. Recently, the number of formally described deep-sea species increased from three (G. sphaerica, G. pyriformis, and G. schulzei) to six with the establishment of G. marmorea, G. melinus, and G. winnetoui by Rothe et al. (2009) (Table 3) . In this paper, we recognize a further nine species from the Weddell Sea on the basis of morphological criteria (Table 3 ). This number compares to the eight undescribed species from the Arabian Sea that were recognized based on SSU rDNA gene sequences (Aranda da Silva et al. 2006) , three gromiids from 923 m under the Ross Ice Shelf , sixteen morphospecies from the North and Northeast Atlantic (Rothe 2009 ), an elongate, dark morphotype from the Svalbard margin , Fig. 2d ), and the "faecal pellet" from the Santa Catalina Basin in the Northeast PaciWc (Jumars 1976 ; Table 3 ).
Despite an increasing number of studies, it remains diYcult to assess the scale of diversity within the genus Gromia. Some deep-sea gromiids may have been misidentiWed as allogromiid foraminiferans as a result of the paucity of characters available to diVerentiate between the two groups. Allogromiids are very abundant in the World's oceans, and some illustrations of small, organic-walled specimens (e.g. Fig. 3A -C in Gooday 1986) could represent gromiids, potentially increasing the number of species substantially. Collections from particular areas, for example the NE Atlantic as well as the Weddell Sea, indicate relatively high regional diversity. Cryptic speciation, for which there is molecular evidence in the case of the shallow-water species G. oviformis (Burki et al. 2000) , would increase diversity at large, spatial scales further. On the other hand, the recent discovery, conWrmed by molecular analysis, of G. sphaerica in the Bahamas (Matz et al. 2008) , and the morphological similarity between Jumars' "faecal pellet" from the Northeast PaciWc and an Arabian Sea species, suggests that some species are widely distributed, thereby depressing global diversity estimates. More detailed morphological and genetic analyses, as well as a considerable sampling 
Geographic and bathymetric distribution
Published and unpublished reports indicate that gromiids occur at depths >200 m on continental margins around the globe (Fig. 6) . The ANDEEP III transect across the Weddell Sea was the Wrst consistently conducted survey of gromiids from a continental slope to an adjacent abyssal plain. It demonstrated that gromiids occur on abyssal plains, albeit at a much lower density and diversity than on the bathyal margin (Fig. 7) . The deep Weddell Sea gromiids were found predominantly at bathyal depths, except for Species 154 and G. melinus, which occurred down to »4,800 m (Table 1, Fig. 8) . Most of the stations where gromiids were found were characterized by muddy sediments with a surface layer of phytodetritus with 25-75% coverage (Diaz 2004- Table 4 herein). However, there was no link between the amount of organic matter accumulated on the seaXoor and gromiid abundances. For example, seabed images of abyssal stations close to Station 102 (4,800 m) showed a layer of recent phytodetritus covering as much as 75% of the sediment surface. Nevertheless, only two specimens were sampled at this station compared to »700 specimens at Station 133 (1,584 m) with 25% coverage of phytodetritus (Diaz 2004- Tables 1, 4 herein). Despite these observations, it seems likely that food availability 
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inXuences the abundance of gromiids in the Weddell Sea. A strong link exists between the availability of labile food derived from surface primary production and the population size (biomass) of foraminifera (Gooday and Turley 1990; Altenbach 1992; Ohga and Kitazato 1997; Gooday and Rathburn 1999; Kitazato et al. 2000) , as well as their distribution patterns (Altenbach and Sarnthein 1989; Gooday 1993) .
The Weddell Sea gromiids were concentrated at depths similar to those (1,093-2,128 m) at which gromiids were Table 3 Sample locations of all formally described species and informally recognized species of deep-sea Gromia (>200 m) Arabian Sea G. sphaerica (1,100-1,852 m) (Gooday et al. 2000) , G. pyriformis (»1,000 m) Species 1, 2, 3, 4, 5, 6, 7, 8 (1,093-2,075 Gooday, unpublished) ; 9 Sagami Bay (»1,400 m), Japan (H. Kitazato, pers. comm.) ; 10 oV New Zealand (L. Levin, pers. comm.) most abundant in the Arabian Sea (Aranda da Silva 2005) (Fig 8) . Seven of the twelve Weddell Sea species occurred between 1,500 and 2,000 m. Only two species (G. melinus and Sp. 154) occurred below 4,000 m, at 4,392 m and 4,800 m, respectively (Fig. 8) . The upper bathymetric limit for Gromia on the Oman and Pakistan margins appears to be determined by the OMZ (Aranda da Silva and Gooday 2009). Specimens occurred exclusively below the main OMZ (>1,000 m), where oxygen concentrations exceeded »0.2 ml/l and where temperatures were below »10°C (Aranda da Silva 2005). In the Weddell Sea, dissolved oxygen concentrations of the bottom waters are comparatively high, ranging between »3.9 and 5.4 ml/l throughout the water column with the highest values observed on the continental margin (Orsi and Whitworth III 2005) (Table 4) . Therefore, oxygen is probably not a limiting factor for gromiids in the Southern Ocean. Little is known about the temperature tolerances of deep-sea gromiids. The shallow-water G. oviformis appears to tolerate a wide range of temperatures, ranging from ¡1.86 to 30°C (Arnold 1972; Bowser et al. 1996) , although this may reXect the existence of cryptic species within this widely distributed gromiid (Burki et al. 2002) .
Concluding remarks
Until recently, Gromia was known only from shallow waters and most gromiids were assigned to a single species, G. oviformis (Burki et al. 2002) . It would appear that gromiids have been frequently overlooked in deep-sea samples, in some cases being mistaken for faecal pellets (e.g. Jumars 1976) or allogromiids (e.g. Gooday 1986 ). The present study, based on the largest available collection of deep-sea gromiids examined to date, has signiWcantly increased the number of known species. It includes the deepest record for a gromiid (»4,800 m) extending the bathymetric range of the genus Gromia to abyssal depths. Although gromiids seem to be particularly common in areas of high productivity, ambiguities still remain regarding their wider ecological role. It has been suggested that deep-sea gromiids play an important role in carbon cycling in bathyal eutrophic regions of the World's oceans through the ingestion and degradation of fresh organic matter (Aranda da Silva 2005). Piña-Ochoa et al. (2010) reported that gromiids collected between 37 and 450 m depth at various sites around the globe were able to accumulate and respire nitrate through denitriWcation. Their observations are supported by similar work on gromiids from Sagami Bay, Japan (Hiroshi Kitazato, pers. comm.) , and suggest that gromiids may play an important role in global nitrogen cycling as well as carbon cycling.
